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This paper reviews studies of the spatial modulation of spin in La2−xSrxCuO4 (LSCO) through
neutron-scattering measurements of the elastic magnetic peaks, with emphasis on Zn-doped LSCO.
The elastic incommensurate magnetic peaks can be categorized in two classes with respect to the
temperature dependence. Nd-doped LSCO, La2CuO4+y and LSCO with x ∼ 1/8 exhibit an ordinary
power law behavior. On the other hand, Zn-doped LSCO and LSCO with x = 0.02− 0.07 show an
exponential temperature dependence, and the correlation lengths stay short. This discrepancy can
be attributed to the difference in the mechanism of pinning spin fluctuations. The former systems
have pinning centers which is coherent to the lattice. In the latter, however, pinning centers are
randomly scattered in the CuO2 planes, thus incoherent. The incoherent pinning model is discussed
with referring to recent µSR studies.
Keywords: La2−xSrxCuO4, Neutron scattering, Elastic magnetic peaks, Zn substitution
I. INTRODUCTION
Interrelation between superconductivity and mag-
netism has been a central issue in the research of high
Tc superconductivity for many years [1]. In particular,
La2−xSrxCuO4 (LSCO) has been extensively studied by
neutron scattering, because LSCO has the simplest crys-
tal structure among high-Tc superconductors. The fol-
lowing things had been clarified by mid 1990’s: (1) The
mother compound La2CuO4 is three-dimensional anti-
ferromagnetic (AF) insulator [2]. (2) The AF ordering
is destroyed by a slight hole doping (x ∼ 0.02), and
the spin glass (SG) phase appears, in which commensu-
rate two-dimensional (2D) short-range AF fluctuations
are observed. [3,4] (3) The superconductivity is realized
in a certain hole concentration range (0.05 < x < 0.27),
and Tc becomes maximum around x = 0.15 [4–6]. (4)
Inelastic magnetic peaks appear at four incommensurate
positions equivalent to Qδ = (pi, pi)+ δ(pi, 0) of the CuO2
square unit in the superconducting range [7]: Yamada et
al. [8] have shown that the incommensurability δ follows
a simple empirical relation δ = x, then saturates around
δ ∼ 1/8 beyond x ∼ 1/8.
The inelastic incommensurate magnetic peaks in
LSCO have been theoretically understood in the frame-
work of the t-J model as nesting of the Fermi surface
[9,10]. However, this view is recently challenged by a real-
space domain picture, i.e., the stripe model [11,12]. Tran-
quada et al. [11] have found evidence for a static order-
ing of AF stripes separated by charged domain walls with
an incommensurate modulation in La1.6−xNd0.4SrxCuO4
(LNSCO) samples with x = 0.12, 0.15 and 0.20. They
found that the elastic magnetic peaks appear with the
incommensurability consistent with that of the dynamic
spin fluctuations in LSCO without Nd doping, and that
the correlation lengths reaches ∼ 200 A˚ for x = 0.12.
They have also found an structural evidence for charge
ordering. Tc’s are reduced with respect to those in the
absence of Nd doping, which is believed to have the same
origin as that in La2−xBaxCuO4 near x = 1/8 [13,14] be-
cause both systems show a transition to low temperature
tetragonal (LTT) phase below ∼ 70 K in contrast with
LSCO which retains the low temperature orthorhombic
(LTO) structure to the lowest temperature measured.
Tranquada et al. [11] speculated that the LTT phase is
essential for the static stripe order, which competes with
the superconductivity.
The coincidence between the elastic and inelastic mag-
netic peak positions has led to reconsideration of static
and dynamic spatial structures of spin in high Tc super-
conductors, particularly from the point of view of the
stripe model. In this paper, review is given of the re-
sults of a wide variety of neutron-scattering studies on
the elastic incommensurate magnetic peaks in Sec. II.
Several important features concerning spatial structures
of spin are summarized in Sec. III. We then categorize
the elastic magnetic peaks into two classes with respect
to the pinning mechanism of AF fluctuations, namely,
coherent and incoherent pinning.
II. OVERVIEW OF THE ELASTIC MAGNETIC
PEAKS IN LSCO
It was a fundamental issue whether the static mag-
netic order found in LNSCO is its characteristic feature
or somewhat universal to high-Tc superconductors. It is
known that Tc is suppressed by Zn substitution for Cu,
and also in LSCO with x ∼ 1/8. Goto et al. [15] have
studied LSCO with x = 0.115 by NMR and concluded
that magnetic order appears even in the absence of the
LTT structure. Kumagai et al. [16] have clarified by µSR
measurements that there exists a static magnetic field
in LSCO, which onset temperature reaches maximum at
x ∼ 0.12. Since the magnetic ordering seems more stable
with lower Tc samples in LNSCO, it was natural to start
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looking for elastic magnetic signals in Zn-doped LSCO
and LSCO with x ∼ 1/8.
Hirota et al. [17] have observed quasielastic mag-
netic peaks, with the correlation length of ∼ 80 A˚
in La2−xSrxCu1−yZnyO4 (LSCZO) with x = 0.14 and
y = 0.012 (Tc = 19 K). As shown in Fig. 1, the quasielas-
tic component starts increasing below Tm ∼ 20 K, while
the low-energy inelastic response appears at the same δ
with a broad intensity maximum around Tm. These find-
ings indicate that small Zn doping induces quasistatic
AF ordering at low temperature by shifting the spectral
weight from inelastic region. These results mirrored the
behaviors seen in samples in the SG region [3,4]
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FIG. 1. Temperature dependence of the incommensu-
rate magnetic peaks at 0 and 1.5 meV transfer for
La1.86Sr0.14Cu0.988Zn0.012O4 (Tc = 19 K). Each inset shows
a peak profile along orthorhombic (q 1 + q 0) at 7 K. From
Hirota et al. [17].
Suzuki et al. [18] have obtained evidence for incommen-
surate magnetic order at low temperature in LSCO with
x = 0.12 by using a double-axis neutron diffractome-
ter. Detailed elastic neutron-scattering measurements
were carried out by Kimura et al. [19,20]. They have
found elastic incommensurate magnetic peaks indicating
a spin-density wave (SDW) order with correlation length
exceeding 200 A˚. The magnetic peaks start appearing be-
low Tm ∼ 30 K, which coincides with onset Tc = 31 K.
Subsequent studies by Matsushita et al. [21] on LSCO
with x = 0.10 and 0.13 have revealed that Tm rapidly
decreases and differs from Tc, and that the correlation
lengths also drastically diminishes. For the x = 0.15 and
0.18 samples, Yamada et al. [8] had already confirmed
that there exists no elastic magnetic scattering and that
only inelastic incommensurate scattering remains with
an energy gap of ∼ 4 meV at low temperature.
These discoveries are important not only because the
incommensurate SDW order is confirmed in the absence
of LTT, but also because they have urged efforts to un-
derstand the spatial structure of spin in further detail
than that accomplished in inelastic neutron-scattering
studies. Lee et al. [22] have found a long-range SDW
order in the superconducting state of a predominantly
stage-4 La2CuO4.12 (Tc = 42 K). They have found that
the elastic magnetic peaks appear at the same temper-
ature within the errors as the superconductivity, sug-
gesting that the two phenomena are strongly correlated.
Even more importantly, as shown in Fig. 2(a), their de-
tailed measurements have revealed that the elastic mag-
netic peaks are not located at 4-fold symmetrical posi-
tion around (pi, pi), i.e., corners of a square, but form a
rectangular which has 2-fold symmetry around the or-
thorhombic [1 0 0] axis. This indicates that the direction
of the spin modulation is rotated from perfect alignment
along the Cu-O-Cu direction by a finite angle θY , which
is 3.3◦ for La2CuO4.12. The shift of SDW peaks, or the
Y shift, implies that the magnetic correlations have one-
dimensional anisotropy on the 2D CuO2 plane. The Y
shift was also confirmed in LSCO x = 0.12 [20].
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FIG. 2. Schematic diagram of the incommensurate posi-
tions of magnetic peaks (a) parallel and (b) diagonal to the
Cu-O-Cu direction. Note that the angle θY is defined as a
rotation from the tetragonal [0 1 0] direction.
The magnetic scattering in the SG phase of LSCO
(0.02 ≤ x ≤ 0.05) was also revisited. One of the most im-
portant findings was done by Wakimoto et al. [23], who
have discovered new satellite magnetic peaks in LSCO
x = 0.05 at positions rotated by ∼ 45◦ in reciprocal
space about (pi, pi) from those found in the supercon-
ducting phase (x ≥ 0.06). Due to twinning in LSCO
single crystals, the orthorhombic (1 0 0) and (0 1 0) po-
sitions nearly coincide with each other at (pi, pi). Waki-
moto et al. have employed a narrower instrumental Q
resolution and succeeded in ascribing a certain magnetic
peak to a certain twin; in a single twin, there exist only
two satellites with the modulation vector along the or-
thorhombic b∗ axis as shown in Fig. 2(b) [24]. These
works indicate that the SDW modulation is diagonal to
the Cu-O-Cu axis for the x = 0.05 insulating sample,
and suddenly turns to be parallel to the direction upon
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crossing the insulator-to-superconductor phase boundary
at xc ∼ 0.055. Subsequent studies by Fujita et al. [27]
have revealed that the well-defined diagonal peaks in the
insulating region suddenly broadens upon entering the
superconducting phase and finite intensities appear at
the parallel positions, which indicate an intimate relation
between the parallel SDW modulation and the super-
conductivity. Lower hole concentration region has been
studied by Matsuda et al. [28,29]. They have found that
the diagonal SDW modulation occurs universally across
the insulating SG phase down to x = 0.02.
III. SPATIAL STRUCTURES OF SPIN IN LSCO
Table I summarizes characteristic properties of elastic
magnetic scattering observed in LSCO and related com-
pounds to date. Several important features of the elastic
magnetic peaks are listed as follows:
• The elastic peaks in the superconducting phase ap-
pears at nearly the same incommensurate position
for the inelastic peaks. Shift of spectral weight from
inelastic to elastic component with lowering tem-
perature was observed in LSCZO [17].
• The elastic peaks in the superconducting phase ex-
hibit a characteristic rotation, called Y shift [22]
around (pi, pi).
• Transition from Parallel to Diagonal SDW coin-
cides with the appearance of superconductivity at
xc ∼ 0.055 [24,27].
• Incommensurability δ follows an empirical relation
δ = x for x ≤ 1/8, even below xc. It deviates from
the line below x = 0.024 [29].
• The correlation lengths ξ drastically shorten upon
doping. ξ shows a large anisotropy in low x [28],
but becomes isotropic with increasing x. ξ appears
shortest near xc [27].
• No significant anomaly is observed at xc in the x
dependence of the magnetic moment µ [25] as ob-
served for the orthorhombicity [27].
• ξ is exceptionally long in LSCO x ∼ 0.12 [20],
LNSCO [11], and La2CuO4+y [22].
• Tm seems enhanced where Tc is suppressed as seen
in LSCO and LNSCO, which seems however not
the case for La2CuO4+y [22].
The spatial spin structure on the CuO2 plain is closely
related to the superconductivity. However, the SDW or-
der seems not completely universal in all LSCO and re-
lated compounds.
IV. COHERENCE OF PINNING
Let us examine the temperature dependence of the
elastic magnetic peaks. As shown in Fig. 3, the order
parameter exhibits an ordinary power-law behavior for
La2CuO4.12 [22], but exponentially increases with de-
creasing temperature for LSCO with x = 0.02 [28]. As a
matter of fact, all the elastic magnetic scattering peaks
studied can be categorized into these two classes, power-
law and exponential. LNSCO with x = 0.12 and x = 0.15
[11], LSCO with x = 0.12 [19] and La2CuO4+y show a
power-law ordering, while LSCO with x = 0.2− 0.7 [23]
and Zn-doped LSCO [17,19] display a more like expo-
nential curve. The magnetic moment in LNSCO with
x = 0.20 is small and overwhelmed by Nd-ordering, thus
the shape of the order parameter is not very clear.
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FIG. 3. (a) Temperature dependence of the peak inten-
sity of the incommensurate elastic scattering of La2CuO4.12.
Filled and open circles correspond to the incident energy Ei
of 5.0 and 13.7 meV, yielding energy resolutions of 0.15 and
0.9 meV FWHM. From Lee et al. [22]. (b) Temperature de-
pendence for LSCO with x = 0.02. Filled and open circles cor-
respond to Ei of 5.0 and 14.7 meV, yielding 0.25 and 0.9 meV
FWHM resolutions. From Matsuda et al. [28].
If the elastic magnetic component is derived from the
inelastic components as mentioned, there should be some
specific mechanisms condensing AF spin fluctuations. In
the LTT structure, the tilt direction of the CuO6 octahe-
dra is along the Cu-O-Cu direction, i.e., tetragonal [1 0 0],
which is ∼ 45◦ rotated from [1 1 0] as in the LTO phase.
Tranquada et al. [11] speculated that a coupling between
the tilt modulation and the charge-stripe correlations is
possible only when the tilts have a [1 0 0] orientation,
which induces the SDW order at lower temperature. As
for the charge-stripe order, their speculation concerning
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the necessity of LTT seems valid because no signature
of the charge ordering has been reported for LTO sys-
tems. However, hole concentration near x ∼ 1/8 and
excess oxygens which show staging order in La2CuO4+y
can also induce a long-range SDW order. A feature com-
mon to LTT, x ∼ 1/8 and oxygen staging order is co-
herence to the lattice, though the coherence length may
be shorter for x ∼ 1/8 than for the others. They are
pinning centers which periodicity is commensurate with
the lattice, and may change the electronic and structural
state of the CuO2 plane in a fairly long range. In these
cases, the magnetic correlations can be developed to a
true long-range order.
On the other hand, doped Zn ions and holes in low
density are randomly distributed in the CuO2 plane, thus
incoherent to the lattice. These pinning centers slow AF
fluctuations locally and form local SDW domains. Con-
sidering the correlation length estimated for LSCZO with
x = 0.14 and y = 0.012, ξ ∼ 80 A˚ , one might realize that
ξ is too long for each SDW domain around a Zn ion to
be separated from the other domains because the aver-
age distance between nearest Zn ions is
√
a2/y ∼ 35 A˚
where a is the Cu-O-Cu distance and y is the doping rate
of Zn. If magnetic order induced around Zn is static and
has more or less similar spatial spin modulation, most of
the domains are connected or percolated and result in a
long-range order.
Nachumi et al. [31] have performed transverse-field
µSR measurements of Zn-doped LSCO. They have esti-
mated the superconducting carrier density/effective mass
ns/m
∗ ratio at low temperature, and found that ns/m
∗
decreases with increasing Zn concentration. They have
then proposed “swiss cheese” model where charge carriers
within an area piξ2µSR around each Zn are excluded from
superconductivity. For LSCZO with x = 0.15, y = 0.01
and x = 0.20, y = 0.01, they have obtained ξµSR =
18.3 A˚. For the x = 0.15, y = 0.01 sample, weak static
magnetic order was confirmed below 5 K.
Their “swiss cheese” model seems relevant to our local
and incoherent SDW domain picture, though the charac-
teristic lengths are quite different. One of the major dif-
ference between µSR and neutron scattering is their time
scale. “Elastic” means fluctuations slower than 1011Hz
(0.4 meV) for many thermal neutron-scattering studies,
while µSR covers 107 to 1010 Hz for observable fluctu-
ating phenomena. This difference in time scale explain
the discrepancy in the magnetic ordering temperatures
of LSCZO, 30 K for neutron scattering and 5 K for µSR.
This picture is consistent with the view that the magnetic
signals is quasielastic rather than truly elastic so that
the temperature dependence of the intensity depends on
the energy window as shown in LSCO with x = 0.02
(Fig. 3(b)). This window dependence is not observed in
La2CuO4+y, though very slow critical divergence with
temperature may cause such dependence even in the co-
herent pinning case. Kimura et al. [19] have pointed out
that doping Zn to LSCO with x ∼ 0.12 considerably
shortens the magnetic correlation length, 200 A˚ to 77 A˚.
This implies that the incoherent pinning can be destruc-
tive to the coherent pinning. On the other hand, the
SDW order is most stable at δ ∼ 1/8 for LNSCO (LTT),
which indicates that two different kinds of coherent pin-
ning mechanisms are cooperative.
Let us assume that the characteristic frequency of
AF fluctuations has spatial dependence around Zn, as
schematically drawn in Fig. 4. Namely AF fluctuations
are slowed down more drastically as closer to Zn and as
temperature is lowered. Slightly below Tm determined
from neutron scattering, the AF fluctuations near Zn
can be detected by elastic neutron scattering, but not
by µSR. Indeed, the intrinsic energy-width, i.e, the char-
acteristic frequency, of the magnetic elastic peaks was
estimated for LSCZO with x = 0.14 and y = 0.012,
which is Γ = 0.22 meV ∼ 0.05 THz. [17] At lower tem-
perature, µSR starts detecting magnetic ordering from
a region smaller than that for neutron scattering. In
this model, the edge of the SDW domain is still substan-
tially fluctuating, thus overlap of the domains may not
necessarily result in percolation of magnetic coherence.
Although it is not clear whether ξµSR calculated for non-
superconducting region is the same for magnetic-ordering
region in µSR time scale, these two entities are most
likely correlated. Nevertheless, the model implies that
there is a characteristic frequency of AF fluctuations for
superconductivity, fc: Superconductivity is suppressed
in the region where AF fluctuations are slower than fc.
It is, however, not clear whether AF fluctuations with
particular spatial modulation and frequency faster than
fc are necessary to or just compatible to high-Tc super-
conductivity.
ξµSR ξ
Pinning Center r
1 / fAF
fµSR
fneutron
T << Tm
T ~ Tm
suppressed
coexist
High Tc
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FIG. 4. (a) Schematic representation of quasistatic SDW
domains around Zn ions for LSCZO with y ∼ 0.01. ξ ∼ 23 A˚
and ξµSR ∼ 10 A˚ are assumed for clarification. (b) Spatial de-
pendence of the inverse of the characteristic AF fluctuations,
1/fAF (r), around one of pinning centers, which are randomly
distributed, at T ≤ Tm and T ≪ Tm.
Systematic studies by combining probes with different
time scales are clearly required to elucidate the nature
of the quasistatic SDW ordering as well as the role of Zn
4
doping in magnetism and superconductivity.
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TABLE I. Fundamental properties of elastic magnetic peaks of La2−xSrxCu1−yZnyO4, La1.6Nd0.4SrxCuO4 and La2CuO4+y .
Tc is the onset temperature of superconductivity, Tm is the temperature the elastic magnetic peaks appear, ξ is the correlation
length in the CuO2 plane estimated from fits to the peak profile with the resolution, and µ is the magnetic moments of the
elastic component. The peak position is described in a polar coordinate, namely, the incommensurability δ, defined as the
distance between the magnetic peaks and the ( 1
2
1
2
0) position in the high temperature tetragonal lattice unit, and θY , defined
as the rotation of the incommensurate magnetic peaks (Y shift) with respect to the tetragonal [1 0 0]/[0 1 0] direction.
Sample Tc (K) Tm (K) ξ (A˚) δ (r.l.u.) µ (µB) θY (
◦) Ref.
La2−xSrxCu1−yZnyO4
x = 0.0 0 325 > 600 0 0.55 [2]
x = 0.02 0 40 160a, 25b, 5c – 0.3 45 [28]
x = 0.024 0 25 95a, 40b, 3c 0.016 – 45 [29]
x = 0.03 0 19 33 0.026 0.18 45 [25,26]
x = 0.04 0 17 37 0.037 0.15 45 [24,25,27]
x = 0.05 0 15 33a, 25b 0.045 0.13 45 [24,25]
x = 0.053 < 2 14 32 0.045 – 45 [27]
x = 0.056 6 13 39D 0.051 – 45 [27]
31P 0.049 ∼ 0
x = 0.06 12 11 26D 0.053 0.06 45 [27,25]
20P 0.049 ∼ 0
x = 0.07 17 11 27 0.069 0.05 ∼ 0 [27,25]
x = 0.10 28 19 70 0.11 – – [21]
x = 0.12 32 32 > 200 0.118 0.15 3.0 [19,20]
x = 0.12, y = 0.03 < 5 17 77 0.117 – 2.6 [19]
x = 0.13 36 19 88 0.12 – – [21]
x = 0.14, y = 0.012 19 20 80 0.132 – – [17]
x = 0.15 37 0 [8]
x = 0.18 35 0 [8]
x = 0.21, y = 0.01 < 2 20 70 0.135 – 2.1 [20]
La1.6−xNd0.4SrxCuO4
x = 0.12 4 50 > 170 0.118 0.10 0∗ [11]
x = 0.15 11 45 – 0.130 – – [11]
x = 0.20 15 20 – 0.143 – – [11]
La2CuO4+y
y = 0.12 40.5 40.5 > 400 0.121 0.15 3.3 [22]
(a),(b) and (c) denote correlation lengths along the orthorhombic a, b and c axes.
(D) and (P) denote “Diagonal” and “Parallel” modulations.
(*) No shift in the k direction was found for the charge-ordering peak at (2.24 0 0).
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